Summary. The spatial pattern of foliage removal from a tussock grass can influence regrowth through effects on daily carbon gain (CERa). This field study examined the extent to which tussock photosynthetic responses to different defoliation patterns were associated with changes in whole-canopy attributes (e.g., foliage age structure, canopy light microclimate). During the spring growing season, 60% of the green foliage area was removed from individual Agropyron desertorum tussocks with scissors in different spatial patterns. These patterns represented extremes of defoliation patterns that might be inflicted by natural herbivores. Tussock photosynthesis (per unit foliage area) at high light (2000 gmol photons m -2 s -1 between 400 and 700 nm; P2ooo) increased following clipping with all defoliation patterns. The increases in P2ooo were greater when leaves were removed from low in the tussock (older leaves) than if leaves high in the canopy (younger leaves) were removed. These relative changes of P2ooo among clipping patterns paralleled the responses of CERo and regrowth from an earlier study. Furthermore, the changes in P2ooo corresponded with increases in the proportion of foliage within the tussocks that was directly illuminated at midday. The greater photosynthesis of tussocks after lower-leaf removal was directly related to a higher proportion of younger foliage and a smaller fraction of foliage shaded within the tussock. In a dense canopy, such as these grass tussocks, the influence of defoliation on whole-canopy attributes may be of primary importance to whole-plant photosynthetic responses.
The physical structure of a foliage canopy can influence plant carbon dioxide assimilation and growth (Monsi et al. 1973; Woledge and Parsons 1986) . In canopies of relatively sparse foliage, where nearly all leaves are fully exposed, canopy structure can affect the total amount of light intercepted (Ludlow and Charles-Edwards 1980; Joggi et al. 1983) . However, in dense canopies, where considerable shading occurs, canopy structure principally affects the balance of sunlit and shaded foliage rather than the total amount of light interception (Monsi et al. 1973) . Differences in the productivity of some agronomic cultivars have Offprint requests to." M.M. Caldwell been associated with the effect of canopy structure on the proportions of sunlit and shaded foliage (Monsi et al. 1973; Bunce 1986 ).
Carbon dioxide fixation of dense canopies is also influenced by the photosynthetic characteristics of individual leaves within the canopy. These photosynthetic characteristics are related to leaf age (Biscoe etal. 1975; Woledge and Leafe 1976) and the microenvironment to which the leaf is exposed during development (Woledge 1972 (Woledge , 1986 . Removal of different-aged leaves by selective herbivores can influence regrowth (Janzen 1979; Dirzo 1984) . Controlled experiments have shown that the removal of younger leaves is more detrimental than the removal of older leaves for the growth of a number of species (Stickler and Pauli 1961 ; Kulman 1965; Brown et al. 1966; Mendoza etal. 1987 ). However, changes in the physical structure of canopies following such selective defoliation have not been examined.
In previous work we showed that removal of younger foliage from a dense tussock grass canopy resulted in slower regrowth than the removal of older foliage, which is located closer to the bottom of the tussock (Gold and Caldwell 1989a) . These differences in regrowth were clearly related to the influence of the defoliation patterns on tussock daytime carbon gain (CERd; Gold and Caldwell 1989b) . In order to understand the bases for differences in tussock CER a and regrowth following defoliation in different patterns, we examined the associated changes in canopy structure, light interception, and foliage age structure.
Methods

Study area
The study was conducted during the spring of 1986 at a site in northern Utah, USA (41~ 111~ 1460 m above sea level). The field plot contained a grid of mature Agropyron desertorum (Fisch. ex Link) Schult. tussocks regularly interspersed (50-cm distance) with Artemisia tridentara spp. vaseyana (Rydb.) Beetle, a common, sympatric shrub in the Great Basin of North America. Agropyron desertorum is an exotic tussock grass from Eurasia which has been extensively planted on semiarid rangelands throughout western North America. The Artemisia shrubs provided a uniform competitive background for the grass tussocks during the study. Further details are given in Gold and Caldwell (1989a) .
Defoliation patterns
Twelve A. desertorum tussocks were selected and divided into 3 replicate sets, each containing 4 plants. Three of the 4 plants in each set were clipped with scissors in different spatial patterns and the fourth plant was left intact as a control. The 3 replicate sets were clipped at 48-h intervals over a 5-d period (May 12-16) to allow the simultaneous gas exchange measurement of all 4 plants in a set immediately before and after clipping with four gas exchange chambers. At the time of clipping, tussocks were in a culmless state and contained considerable proportions of shaded foliage. In the uniform defoliation pattern, all tillers of the tussock were clipped at the same height. For the other two treatments, either the uppermost (-upper) , or the lowest (-lower), 2 to 3 green leaf blades were removed from each tiller on the tussock. There were 4 to 5 green leaf blades on each tiller prior to defoliation. Approximately 60% of the tussock green foliage area was removed in all treatments (Gold and Caldwell 1989a) . Active apical and intercalary meristems were left intact on all tussocks.
Canopy gas exchange
Entire tussocks were individually enclosed in plexiglas chambers in the field for the measurement of carbon dioxide (CO2) exchange during half of the daylight period and the entire nighttime period immediately before defoliation. These measurements were repeated for the entire 24-h period beginning the day after defoliation. A constant air temperature of 20 ~ C was maintained in the chambers during both the day and night (Gold and Caldwell 1989b) . Daytime leaf-to-air water vapor concentration differences were maintained between 0.017 to 0.023 tool mol-1. Details of the gas exchange measurement system are provided in Gold and Caldwell (1989b) . The CO2 exchange rates were calculated on a unit green foliage area basis with the equations of von Caemmerer and Farquhar (1981) . Daytime carbon gain (CERd; mol CO2 m-Zd 1) was calculated by summing positive CO2 exchange rates through the 24-h period (Gold and Caldwetl 1989b) .
Light dependencies of net photosynthesis were derived from measurements of net photosynthesis during the natural diurnal variation in light intensity. These data were fit to the Smith equation (Smith 1937; Tenhunen et al. 1976) by an iterative procedure (Dixon 1983) to derive the parameters of maximum photosynthetic rate (Pmax) and the initial slope of the light response curve (quantum efficiency; QE) (Tenhunen et al. 1976 ). However, Pmax was not realistic for whole tussocks in the field because tussock photosynthesis continued to increase with light intensities greater than maximum solar irradiance. Therefore, the photosynthetic rate at high solar irradiance (2000 gmol photons m-Zs -1 between 400 and 700 nm, P2ooo) was derived from the fitted curve and used for comparison among the treatments. There were substantial differences among tussocks in P2ooo and QE prior to defoliation, probably due to variation in canopy structure and foliage physiological status. Therefore, clipping effects on Pzooo and QE were evaluated by comparing fractional changes in these parameters (postclip value/preclip value). These fractional changes were not directly comparable among the replicate plant sets because of day-to-day variation in solar irradiance. Thus, the fractional change in these parameters for each plant was relativized to the fractional change of the control plant in that set. This resulted in relative parameter values of 1.0 for all control plants. The comparison of relative parameter values among clipping patterns was done with analysis of variance in a randomized block design (with replicate plant sets as blocks) and linear contrasts (determined a priori) among means. The differences between each clipping treatment and the control plants were evaluated by testing for a significant difference of the treatment mean from 1.0. Mean differences are reported as significant when P< 0.05.
Canopy structure
Foliage quantity and distribution within the tussocks were determined 2 d before and 2 d after clipping with a fiberoptic point quadrat system inclined at 32.5 ~ from the horizontal (Caldwell et al. 1983b ). The ratio of projected to actual foliage area is least variable over a wide range of foliage inclination angles when quadrats are inclined at 32.5 ~ (Warren Wilson 1960) . Projected sunlit foliage area was determined for conditions around solar noon by taking the frequency of initial contacts with green foliage using quadrats inclined at 65 ~ (Caldwell et al. 1983 a) .
Light interception
Light interception was calculated for conditions at solar noon to correspond with conditions at which P2ooo would be measured. The interception of photosynthetic photon flux (PPF, 400-700 nm) at solar noon was estimated for each tussock before and after defoliation in the following manner. Photosynthetic photon flux density (PPFD) on a horizontal plane was measured above the tussock canopy with a quantum sensor (LiCor Co.) and divided into direct and diffuse components for clear sky conditions with a model described by Caldwell et al. (1986) . The tussock canopy was divided into 5 horizontal layers and average foliage inclination angles for each layer were taken from the data of Caldwell et al. (1983 a) . Direct-beam PPFD incident on sunlit foliage of each layer was calculated using Lambert's cosine law and averaged over six different foliage azimuth orientations. The average diffuse PPFD at the top of each layer was taken from over 50 shaded readings of a galliumarsenide phosphide (GaAsP) photodiode (Hamamatsu Co. model Gl118) (Gutschick et al. 1985) along horizontal transects through the tussock. The spectral response of these photodiodes is primarily restricted to the 400 to 680 nm range (with minor sensitivity between 300 and 400 nm), and their small size (5 x 6 x 2 mm) make them ideal for nonintrusive measurements within a dense grass canopy. Furthermore, there is an excellent linear correlation between the response of GaAsP photodiodes and the output of a quantum sensor over the range of darkness to maximum solar irradiance in the open and under a foliage canopy (Gutschick et al. 1985; Chazdon and Field 1987; Gold, unpublished data) . Total PPFD for sunlit (direct+diffuse) or shaded (diffuse) foliage was multiplied by the surface area of each foliage type in the layer and summed to give the total PPF interception for that layer. Penumbral effects were ignored in these calculations. The individual layers were summed to calculate whole-tussock PPF interception.
The proportion of foliage sunlit or shaded in each layer, required by the above calculations, was estimated with two independent methods. The first method used the ratio of projected sunlit foliage area to total foliage area as measured by inclined point quadrats (Caldwell et al. 1983a ). The second method used the ratio of sunlit to shaded readings of GaAsP photodiode at 4-mm intervals along a horizontal transect through the tussock center at the top of each foliage layer. The measurements were taken within 1 h of solar noon 2 d before and 2 d after defoliation, The values were considered sunlit when above 900 gmol m-2 s-1 and shaded when below 400 Ixmol m-2 s-1 (few fluxes lay between those values). There was very good agreement between the values of tussock light interception calculated with the two different estimates of sunlit and shaded foliage proportions (Y= -1.5 + 0.97 X; correlation coefficient= 0.97; n = 24). To maintain comparability with the data of Caldwell et al. (1983 a) , light interception calculated by the first method will be used in this paper.
Foliage age structure
In A. desertorum tussocks, new leaveS are produced at the top of each tiller. Hence, the vertical position of a leaf was used as an index of relative leaf age. The lowest green leaf on each tiller following snowmelt (position 1) was considered the oldest and the leaves at higher vertical positions (2 to 7) younger. Green foliage area at each position was monitored nondestructively on 10 tillers of each tussock immediately before and 1, 14, and 28 days after defoliation (see Gold and Caldwell 1989a) .
Results
Foliage age structure
Prior to clipping, the relative amount of foliage area at different leaf positions (representative of the relative age structure of foliage) along the tiller was similar for all treatments (Fig. 1) . Age comparisons cannot be made between dates because the absolute age of foliage at each position changed over the intervening period between measurements. As expected, the removal of foliage high in the tussock canopy, by either uniform or -upper clipping shifted the age structure toward older foliage. In contrast, the -lower defoliation shifted the age structure toward younger foliage. The relative amounts of foliage in different positions of the -lower plants changed little over the first 28 d of regrowth, whereas the uniform and -upper plants showed a relatively rapid shift toward higher (younger) foliage. After 28 d of regrowth, all clipped plants had proportionally less older foliage than control plants. Although differences in foliage age structure among the clipping patterns were reduced by regrowth, these differences were still substantial 28 d following clipping (Fig. l) .
Canopy structure
In the four days between pre-and postclipping measurements of canopy structure, control tussocks lost a small amount of foliage low in the canopy through senescence and gained some foliage high in the canopy (Fig. 2) . The removal of upper foliage, by either uniform or -upper clipping, resulted in a concentration of foliage from 0 to 15 cm above the ground. The average foliage inclination in these lower layers (55 to 75 ~ ) was less than that of foliage higher in the canopy (75 to 85 ~ ) (Fig. 2) . The -lower clipping reduced foliage low in the tussock, concentrating remaining foliage from 10 to 20 cm above the ground. Thus, immediately following defoliation, canopies of-lower tussocks were taller and had more erect leaves than uniform or -upper tussocks.
Photosynthetic characteristics
Tussock Pzooo and QE increased relative to control plants following the removal of lower leaf blades (Table 1) . Uniform and -upper clipping resulted in smaller increases of P2ooo and QE, but these were not statistically significant (P=0.07 and 0.11 for P2ooo of uniform and -upper tussocks; P=0.45 and 0.12 for QE). The lack of significance for uniform and -upper tussocks is surprising because the CERa of these plants increased significantly after defoliation relative to control plants (Gold and Caldwell 1989b) . A small sample size (n = 3) and variability in the photosynthetic light response data probably prevented the detection of significant effects. There was a positive correlation between the relative change in P2ooo (txmol CO2 m-2 s-1) and the relative change in CERd (mol CO2 m-2 d-1) of tussocks following defoliation (Fig. 3A) . Furthermore, the relative changes in P2ooo and CERa predicted from the regression line are nearly equal (i.e., a doubling of P2ooo is associated with a doubling of CERd). The -lower plants had the greatest relative increases in both P2ooo and CERo (50 to 80%), while the uniform and -upper clippings resulted in smaller increases relative to control plants (0 to 30%). A good correlation also existed between the relative changes in QE and CERa (correlation coefficient = 0.79, P < 0.001).
Light interception
The proportion of tussock foliage directly illuminated at solar noon varied from 41 to 72% prior to defoliation. Because of this initial variation, the proportion of foliage sunlit following clipping was analyzed relative to both the preclipping value and the change in the associated control plant. Changes in the proportion of sunlit foliage were positively associated with changes in P2ooo (Fig. 3 B) . The proportion of sunlit foliage following clipping increased in 8 of the 9 clipped plants relative to control plants. The -lower plants had the largest increases in the proportion of foliage sunlit (50 to 80%) and Pzooo, while uniform and -upper tussocks showed smaller increases (0 to 30%). Although the pattern of defoliation influenced the proportion of foliage sunlit, it did not affect the total amount of light intercepted by a tussock with a given amount of foliage area. The linear relationship between tussock green foliage area and calculated light interception remained the same before and after defoliation (Fig. 4) . Following defoliation, -lower plants intercepted more light than uniform or -upper plants, but this was due to the greater amount of foliage area of the -lower tussocks, rather than differences in canopy structure.
Discussion
The increases in tussock photosynthesis at high light (2000 gmol m 2 s-l), P2ooo, following clipping were clearly related to increases in integrated daytime CO2 uptake, CERd (Fig. 3 A) . The CERd had, in turn, been previously linked to higher regrowth rates (Gold and Caldwell 1989b) . Increases in photosynthesis of individual foliage elements remaining after clipping could conceivably lead to increased whole-plant photosynthesis. However, changes in whole-canopy attributes, such as the canopy light microenvironment and the population structure of foliage elements with different photosynthetic capabilities, are often more important factors influencing canopy photosynthesis than are changes in the photosynthetic characteristics of individual leaves (Monsi et al. 1973; Ludlow and CharlesEdwards 1980) .
Increased photosynthesis of single leaves following defoliation has been measured for a variety of species (McNaughton 1983), including A. desertorum (Nowak and Caldwell 1984) . However, the increases in A. desertorum were relatively transient and generally greatest in older, shaded foliage with lower CO2 exchange rates. Thus, the observed photosynthetic increases in single foliage elements probably had little quantitative importance for whole-tussock photosynthesis (Nowak and Caldwell 1984) .
Since photosynthetic competence varies with foliage age, changes in foliage age structure caused by defoliation should influence regrowth potential (e.g., Janzen 1979; Dirzo 1984; Hartnett and Bazazz 1986) . Our study supports this contention. Younger leaves of A. desertorum have greater light-saturated photosynthetic rates than older leaves (Nowak and Caldwell t986) . Accordingly, P2ooo increased most in -lower plants, which had younger foliage remaining after defoliation (Fig. 1) . In addition to the greatest increase in P2ooo, -lower tussocks also had the largest increase in quantum efficiency following clipping (Table   1 ). This higher efficiency of low-light utilization could further enhance carbon gain.
Changes in the physical structure of the tussock canopies and subsequent effects on the fraction of foliage directly illuminated were also consistent with the observed changes in canopy photosynthesis. Since upper leaf blades are more erect than lower leaf blades (Fig. 2) , with the removal of lower leaf blades, the remaining canopy foliage was more steeply inclined than with the removal of upper canopy foliage. Dense canopies with erect foliage are often more productive than those with more prostrate foliage (Rhodes 1969; Monsi et al. 1973 ; Woledge and Parsons 1986) . This is usually attributed to decreased light attenuation with depth in a more erect canopy, particularly for high solar angles (Jones 1983) . Thus, fewer leaves would be illuminated above the point of photosynthetic light saturation and a smaller proportion of leaves would be shaded. The change in canopy structure of -lower tussocks to more erect foliage was associated with the largest decreases in the proportion of foliage shaded (Fig. 3 B) . These changes in canopy structure altered the proportion of foliage directly sunlit, but not the total amount of light intercepted per unit of remaining foliage. A reduction in the proportion of foliage shaded in these dense tussocks could be of substantial value to tussock CO2 fixation. Caldwell etal. (1983a) showed that over half of the foliage on a typical A. desertorum tussock is shaded at midday in the spring. Photosynthesis of shaded A. desertorum foliage is considerably less than fully illuminated foliage, even for older foliage (Caldwell et al. 1983 a; Nowak and Caldwell 1986 ). Thus, reducing this shaded fraction should increase tussock CO2 uptake per unit foliage area.
Spatial patterns of defoliation that occur within a grass tussock in nature can be highly variable. Large grazers generally remove younger, upper foliage, but not all tillers of a tussock are always affected to the same degree. In such instances, the degree of resource sharing and competition among tillers could affect regrowth (Archer and Detling 1984) , although Olson and Richards (1988) have concluded that resource sharing among tillers is unimportant in A. desertorum. Insect herbivores are usually more selective than large grazers. Hansen (1987) found that Irbisia pacifica (Hemiptera: Miridae) fed primarily on intermediate-aged leaves of A. desertorum. Other insect herbivores may show preferences based upon particular foliage qualities or the location of preferred microsites for feeding (e.g., Joern 1982), or escape from predators and parasites (Faeth 1985) . The development of empirical relationships among all possible patterns of defoliation and their effects on regrowth is not tractable. Instead, the effects of different types of defoliation patterns on primary limitations to regrowth should be considered. Our study explored the influence of different defoliation patterns on major factors affecting tussock CO2 assimilation, which is the principal constraint on regrowth of A. desertorum in the spring at this site (Richards and Caldwell 1985; Gold and Caldwell 1989b) .
Differences in herbivory tolerance may not always be primarily related to differences in carbon gain. The availability of active meristems and changes in carbon allocation patterns following defoliation can sometimes impose more important constraints on regrowth (Richards and Caldwell 1985; Briske 1986 ). However, in a previous study, the variation in regrowth rates of A. desertorum tussocks exposed to different defoliation patterns in the spring were clearly associated with influences of clipping on whole-plant daily carbon gain (Gold and Caldwell 1989b ). Our present study shows that these changes in carbon gain were linked to the responses of tussock photosynthesis at high light (Fig. 3A) . Defoliation effects on the canopy attributes of foliage age structure and light interception at midday (high irradiance conditions) were positively associated with these photosynthetic responses. Hence, in dense plant canopies, such as these grass tussocks, the effects of herbivory on such whole-canopy properties may be of equal, or even greater, importance than changes in photosynthetic characteristics of individual remaining foliage elements for wholeplant carbon gain and regrowth.
